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Abstract: With large scale wind turbines, the issue of aerodynamic elastic response is even more 
significant on dynamic behaviour of the system. Unsteady free vortex wake method is proposed in 
this study to calculate the shape of wake and aerodynamic load. Considering the effect of 
aerodynamic load, inertial load and gravity load, the decoupling dynamic equations are established 
by using finite element method in conjunction of the modal method and the equations are solved 
numerically by Newmark approach. Finally, the numerical simulation of a large scale wind turbine 
is performed through coupling the free vortex wake modelling with structural modelling. The results 
show that this coupling model can predict the flexible wind turbine dynamic characteristics 
effectively and efficiently. Under the influence of the gravitational force, the dynamic response of 
flapwise direction contributes to the dynamic behavior of edgewise direction under the operational 
condition of steady wind speed. The difference in dynamic response between the flexible and rigid 
wind turbines manifests when the aerodynamics/structure coupling effect is of significance in both 
wind turbine design and performance calculation. 
KeywordsヲWind turbine, Free wake method, Aerodynamic dynamics, Structural dynamics 
 
1. Introduction 
Large scale wind turbines operate in complicated conditions, which contain all kinds of 
unsteady and coupling effects of wind condition and blade structure, making accurate prediction of 
the turbine performance very difficult. In particular, when unsteady flow field, accompanying 
frequent changes in both wind speed and wind direction, passes through the long and slender blades 
and through the tall tower, it inevitably results in the so-called aero elastic problem, i.e. the 
interaction between aerodynamic forces and rotor motion. Therefore, it is necessary to develop 
accurate coupled methods between the aerodynamic model with structure model in wind turbine 
design to enable vibration alleviation and to develop control strategy. 
 
Among the different aerodynamic theories to model the rotor aerodynamics [1-3], the vortex theory 
is considered as one of the most suitable approximations because of its affordable computational 
costs and reasonably accurate results. In addition, vortex models are made up of a blade 
aerodynamic model including lifting line, lifting surface or panel method [4] to describe the flow 
around the blade and to calculate the trailed and shed vorticitis released to the wake, using prescribed 
[5-7] or free wake [8-11] models to describe the wake geometry. The free wake models are more 
suitable for general rotor configurations, since the wake is allowed to freely distort under the 
influence of the local velocity field. In the present work, the free wake model consists of near vortex 
sheets and far wake tip vertical filaments. For aeroelastic simulations, the free wa
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complemented with an elastic rotor model for the rotor dynamics [12-14]. The modal superposition 
method is used to solve the wind turbine elastic problem in this paper. 
 
The paper is structured as follows. The aerodynamic model based on the free wake method is 
firstly introduced and the formulation of equations for the wind turbine dynamic responses is then 
established. It is followed by a numerical simulation and analysis of the dynamic loads on a typical 
1.5 MW wind turbine, where the aerodynamic forces, blade gravity and inertial force are input to 
the equation system. Finally, some conclusive remarks are given. 
 
2. Aerodynamic model 
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7KH7KUHHGLPHQVLRQDOURWDWLRQDOHIIHFWLVRQHRIWKHW\SLFDOGLIIHUHQFHVEHWZHHQURWDWLQJURWRUDQG
IL[HGZLQJUHVXOWLQJLQVWDOOGHOD\ZKLFKLVFKDUDFWHULVHGE\VLJQLILFDQWO\LQFUHDVHGOLIWFRHIILFLHQW
FRPSDUHG WR WKHFRUUHVSRQGLQJ'FDVHDQGE\DGHOD\RI WKHRFFXUUHQFHRI IORZVHSDUDWLRQ WR
KLJKHUDQJOHVRIDWWDFN'X6HOLJVWDOOGHOD\PRGHO>@ZKLFKLVFRXSOHGLQWRWKHIUHHYRUWH[ZDNH
PRGHO LVXVHGWRPRGLI\WKHDLUIRLODHURG\QDPLFGDWDE\FRQVLGHUDWLRQRI WKHWKUHHGLPHQVLRQDO
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3. Dynamics equation for aero-dynamic and structural coupling 
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FRUUHFWO\ VHW XS WKH PDVV PDWUL[ >0@ VWLIIQHVV PDWUL[ >.@ DQG GDPSLQJ PDWUL[ >&@ IRU WKH
G\QDPLFVHTXDWLRQ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4. The numerical result and analysis 
4.1 The calculation model validation 
The NREL (National Renewable Energy Laboratory) Phase VI rotor geometry, aerodynamic 
and structural properties are well documented in the literature[18].The operating condition for the 
experiment was varied from wind speed of 7 to 25m/s. The rotor speed is 72 r/m, with the tip pitch 
is 3 degrees and 0-degree cone angle. The rotor radius is 5.029m. 
Figure 3 shows variation of rotor torque with wind speed, and compare with the experiment 
data. The calculation results are found to be in good agreement with the experimental data at low 
wind speeds. At higher wind speeds, however, there are discrepancies, probably due to the stall 
effects. 
 
Figure 3 Variation of rotor torque with wind speed 
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Figure 4 shows the variation of normal and tangential coefficient at different span with wind 
speed. Ranging from low to high wind speed, it is found that the normal and tangential force 
coefficients of the blade root are slightly worse than other part of the blade, which is reason that the 
blade root suffers the serious stall effect. It is difficult to simulate the stall situation. The better stall 
model is needed to use in the free wake method. However, the middle and tip part of blade all have 
a good match with the experimental data. Therefore, in the paper the calculation model is well used 
to calculation the loads of the wind turbine. 
 
 
Figure 4 Variation of normal and tangential coefficient at different span with wind speed 
 
4.2 The large-scale wind turbine numerical results and analysis 
In the paper, the NH1500 wind turbine is adopted as a calculation example. The calculation 
time step is10 /: . The wind speed is 8m/s. In order to reflect the similarity of NH1500 and real 
1.5MW wind turbine, the rotor main parameters are shown in Table 1. From the table, it can be seem 
that the rated power of NH1500 is 1.5MW. At the same times, the NH1500 and real 1.5MW wind 
turbine have the similar blade length and wind speed operational condition. And the NH1500 also 
adopt the variable-pitch variable speed control strategy. Moreover, to more describe the NH1500, 
the NH1500 blade main structural parameters are shown in Table 2. The all aerodynamic centers of 
blade are located in a quarter chord length. Mass and elastic centers are given though chord length 
percentage in the airfoil coordinates. 
In the paper, the finite element method is applied to establish the wind turbine structural model. 
Two-node beams and shell elements are used to model the blade and tower, respectively. The nacelle 
mass and moment of inertia are simulated through the 0D element in PATRAN software. The rotor 
is rigidly connected to the tower. The boundary conditions are imposed at the bottom of the tower 
through fixed constraints. The modes of NH1500 wind turbine are calculated at the rotational speed 
of 17.2 rpm with the calculated modes shown in Table 3. 
Table 3 The mode description 
Mode description Natural frequency(Hz) 
Left-righttower1st 0.420 
Fore-aft tower 1st 0.422 
Blade flapwise 1st 0.775 
0.802 
0.833 
Blade edgewise 1st 1.243 
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1.335 
1.361 
Blade flapwise2st 2.049 
2.194 
2.308 
Figure 5 shows the comparison of calculated value and experimental value. NH1500 is a 1/16 
scaled model on the experiment. The calculated value and experimental value trend is basically 
consistent. As can be seen from the figure 5, the calculation values are slightly higher than the 
experiment data. It is probable reason that the experiment wind turbine model is scaled model.  
 
Figure 5 Cp of the NH1500 
Figure 6 shows the downstream displacements of the blade tip vortex, calculated from the FVW 
method. In order to investigate the blade deformation effect, the NH1500 blade is considered rigid 
and flexible, respectively. Clearly seen from the figures the difference in the vortex position between 
the assumed rigid blade and the actual flexible blade. The displacement difference increases from 
0.05R to 0.1R as the tip vortex filament moves down stream. It can be reasoned that this difference 
has influence on the air load calculation through the induced velocity calculation, which depends 
the spatial distance of the vortex to the blade. 
For further analysis, the wind speed distribution and the vorticity of the wake are calculated in 
the paper. The wind speed of the wake ( , , )x y zV V V V  is defined as 
( , , ) tip b t sx y z ind ind ind indV V V V V V V V Vf                          (17) 
To find the wind speed of the wake seen by the ( , , )x y zV V V V , the induced velocity of the tip 
vortex , tipindV , the induced velocity of the bound vortex, 
b
indV , the induced velocity of the trailed 
vortex, tindV , the induced velocity of the shed vortex, 
s
indV , must be added as vectors to the inflow 
velocity, Vf . 
After the wind speed distribution is known, the vorticity ( , , )x y z[ [ [ [  is calculated by: 
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Figure 7 and Figure 8 give the development and evolvement of the tip vortex for the rigid and 
flexible blades with the axial downstream distance, respectively. The vortical strength increases 
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downstream just behind the rotor with a wake expansion, but gradually dissipates as the axial 
distance further increases for the both cases. However, both the vortical strength and the wake 
expansion for the assumed rigid rotor are stronger than those for the actual flexible rotor. 
 
Figure 6 Cyclic variation of the tip vortices with downstream distance 
 
Figure 7 Axial distribution of the tip vortex for the rigid blade 
 
Figure 8 Axial distribution of the tip vortex for the flexible blade 
 
Figure 9 0R section distribution of the wind speed zV (m/s) of the rigid blade 
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Figure 10 0R section distribution of the wind speed 
zV (m/s) of the flexible blade 
Figure 9 shows the 0R section distribution of the wind speed of the rigid blade. Figure 10 shows 
the0R section distribution of the wind speed of the flexible blade. Through the two figures, it is 
found that the 0R section wind speeds of the flexible blade are weaker than the rigid due to the 
structural deformation. The effect is significant for wake prediction. 
Figure 11 shows some representative numerical results in which the aerodynamic 
characteristics are presented by the blade root loads for the flexible case at the wind of 8m/s. The 
root loads all fluctuate sinusoid ally with azimuthally angle for both the cases of gravity considered 
and gravity not considered, but the amplitude of the load variation is greatly different each other 
due to the gravitational effect. In addition, the blade dynamic deformation is also influenced by the 
gravity. The dynamic displacement in the flapwise direction when the gravitational force is not 
considered is about only 4%of that when the gravitational force is taken into account, as shown in 
Figure 12.  
 
a) without gravity                           b)  with gravity 
Figure 11 Edgewise force at blade root 
 
Figure 12 Dynamic displacements at blade tip in the flapwise direction 
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Figure 13 Wind turbine power coefficients, 8 /V m sf   
It is obvious from Figure 13, where the wind turbine power coefficient Cp is compared between 
the rigid and flexible considerations, that the flexible wind turbine Cp is larger than the rigid one 
and changed with azimuth angle. According to the comparison of minimum value, the flexible wind 
turbine Cp is more 1.6% than the rigid one. It is the reason that the flapwise direction induced 
velocity of flexible blade has greater change than the edgewise direction induced velocity. And the 
flapwise direction induced velocity is weaker than the rigid one. Thus, the attack angle and the flow 
angle of flexible blade are all larger. Finally, the tangential force coefficient to the rotor is larger, 
which can lead to the increasing of torque and Cp. 
 
5. Conclusions 
7KH QXPHULFDO DQDO\VLV RI ZLQG WXUELQH ZDNH DQG ORDGV DUH SUHVHQWHG LQ WKLV SDSHU $Q
DHURG\QDPLFDOO\DQGVWUXFWXUDOO\FRXSOHGPRGHOLVGHYHORSHGDQGXVHGWRSUHGLFWWKHIOH[LEOHZLQG
WXUELQH ORDGV DQG DHURG\QDPLF SHUIRUPDQFH 7KH UHVXOWV GHPRQVWUDWH WKDW WKH )9: DQG )(0
FRXSOLQJPRGHOFDQSUHGLFWWKHZLQGWXUELQHG\QDPLFFKDUDFWHULVWLFVHIIHFWLYHO\DQGHIILFLHQWO\7KH
G\QDPLFGLVSODFHPHQW LQWKHIODSZLVHGLUHFWLRQZKHQWKHJUDYLWDWLRQDOIRUFHLVQRWFRQVLGHUHGLV
RQO\  RI WKDW ZKHQ WKH JUDYLWDWLRQDO IRUFH LV WDNHQ LQWR DFFRXQW 0RUHRYHU DFFRUGLQJ WR WKH
FRPSDULVRQRIPLQLPXPYDOXHRIZKDW"""WKH&SYDOXHRIWKHIOH[LEOHZLQGWXUELQHLVPRUH
WKDQWKDWRIWKHULJLGRQH'HVSLWHWKHDFFXUDF\RIFDOFXODWHGUHVXOWVZLOOQHHGWREHLPSURYHGIRU
IXUWKHUYDOLGDWLRQE\H[SHULPHQWGDWDWKHZLQGWXUELQHZDNHDQGG\QDPLFUHVSRQVHFDQEHEHWWHU
XQGHUVWRRGWKURXJKWKHUHVXOWVREWDLQHGIURPWKLVVWXG\ 
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Table 1 the NH1500 rotor parameters 
Number of blades 3 
Rotor radius 41.5m 
Blade length 40.5m 
Rated rotational speed 17.25rpm 
Rated power 1.5MW 
Rated wind speed 10.5m/s 
Cut-in wind speed 3m/s 
Cut-out wind speed 25m/s 
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Table 2  Main structural parameters for the NH1500 blade 
R 
(m) 
Mass/unit  
(kg/m) 
Torsional 
rigidity 
(MNm2) 
Flapwise 
stiffness(MNm2) 
Edgewise stiffness 
(MNm2) 
Center of 
mass (%) 
Center of 
Elastic(%) 
1 266.93 1880 2530 2510   
2.5 199 1230 2390 1040     
4 195 750 2010 873     
5.5 192.09 520 1700 1030     
7 192 383 1350 1380     
8.5 192.7 257 1120 1530     
10 186.2 164 896 1820     
11.5 185.41 107 706 1680     
13 155.50 76 552 1520     
14.5 151.1 54 214 807     
16 147.95 40 167 680     
17.5 144.69 30.3 130 548     
19 141.79 23.4 100 459     
20.5 135.31 17.8 76.2 397     
22 129.00 14 58.3 328     
23.5 120.28 11.5 45.1 263     
25 111.74 9.5 34.4 212     
26.5 99.456 7.6 26.5 170     
28 93.438 6.3 19.6 131     
29.5 83.431 5.1 14.7 100     
31 69.54 4.1 10.9 78.8     
32.5 59.565 3 7.5 64.9     
34 46.265 2.3 4.96 49.5     
35.5 37.309 1.8 3.09 36.3     
37 32 1.3 2.13 29     
38.5 29.935 1 1.3 20.6     
40 9.98 0.5 0.645 11.3     
41 13.34 0.0723 0.166 3.22     
41.5 1.77 0.03 0.00096 0.0308     
 
